The DnaB gene encoding DnaB helicase was originally identified in a region of the bacterial genome, mutations in which caused a defect in DNA replication at elevated temperatures in vivo [1]. DnaB is an ATP-dependent helicase that unwinds parental duplex DNA during replication [2][3][4][5], thereby allowing the two strands to be copied. A hexamer of DnaB encircles the lagging strand and moves on it in the 5¢ fi 3¢ direction, thereby splitting the two complementary DNA strands [6] . A hexameric DnaB helicase alone is not very processive [7] , whereas it becomes highly processive when bound to other replication proteins [8] . During DNA replication, DnaB is associated with multiple copies of DNA primase DnaG, which catalyzes the formation of RNA primers for the synthesis of Okazaki fragments on the lagging strand. The DnaB-DnaG complex plays a key role in coordinating the mechanistically different continuous and discontinuous DNA syntheses on the leading and the lagging strands, respectively [9] .
The DnaB gene encoding DnaB helicase was originally identified in a region of the bacterial genome, mutations in which caused a defect in DNA replication at elevated temperatures in vivo [1] . DnaB is an ATP-dependent helicase that unwinds parental duplex DNA during replication [2] [3] [4] [5] , thereby allowing the two strands to be copied. A hexamer of DnaB encircles the lagging strand and moves on it in the 5¢ fi 3¢ direction, thereby splitting the two complementary DNA strands [6] . A hexameric DnaB helicase alone is not very processive [7] , whereas it becomes highly processive when bound to other replication proteins [8] . During DNA replication, DnaB is associated with multiple copies of DNA primase DnaG, which catalyzes the formation of RNA primers for the synthesis of Okazaki fragments on the lagging strand. The DnaB-DnaG complex plays a key role in coordinating the mechanistically different continuous and discontinuous DNA syntheses on the leading and the lagging strands, respectively [9] .
A monomer of DnaB consists of two domains [10] : an N-terminal helical domain (DnaBn), shown to be required for formation of the functional helicase [11, 12] and for binding DnaG [13] , and a C-terminal RecA-like domain, responsible for DNA binding and ATP hydrolysis (Fig. 1A) . Six monomers of DnaB form a two-tiered ring, as observed in recent modestresolution structures of DnaB from the thermophilic Geobacillus stearothermophilus (Gs) [14] , and in a lowresolution structure of a DnaB homolog G40P from Bacillus subtilis phage SPP1 [12] , reported while this article was in preparation. One tier is formed by DnaBn, which has three-fold symmetry. The other tier is formed by the RecA-like ATPase domains in approximate six-fold symmetry. The hexameric composition of DnaB is shared by other representatives of the same superfamily of replicative helicases, such as bacteriophage T7 gene 4 protein [15] , although significant differences in the sequence and domain organization exist among the family members.
DnaB helicase is conserved in the eubacterial kingdom, and is distinct from its functional relatives in higher eukaryotes. Therefore, DnaB is a very Hexameric DnaB helicase unwinds the DNA double helix during replication of genetic material in bacteria. DnaB is an essential bacterial protein; therefore, it is an important potential target for antibacterial drug discovery. We report a crystal structure of the N-terminal region of DnaB from the pathogen Mycobacterium tuberculosis (MtDnaBn), determined at 2.0 Å resolution. This structure provides atomic resolution details of formation of the hexameric ring of DnaB by two distinct interfaces. An extensive hydrophobic interface stabilizes a dimer of MtDnaBn by forming a fourhelix bundle. The other, less extensive, interface is formed between the dimers, connecting three of them into a hexameric ring. On the basis of crystal packing interactions between MtDnaBn rings, we suggest a model of a helicase-primase complex that explains previously observed effects of DnaB mutations on DNA priming. attractive target for antibacterial therapy. The C-terminal catalytic domain of DnaB is very highly conserved, which points at the conservation of the ATPase function in this helicase superfamily. DnaBn is less conserved, and its binding partner, the C-terminal domain of primase DnaG (DnaGc), is very weakly conserved. This divergence is intriguing, because it must be related to documented differences in intrinsic stabilities of DnaB-DnaG complexes between Escherichia coli and G. stearothermophilus [13, [16] [17] [18] . This, in turn, implies divergent coordination of unwinding with priming at the replication fork in different bacteria.
We report a 2.0 Å resolution structure of the hexameric ring DnaBn from the pathogen Mycobacterium tuberculosis (MtDnaBn). On the basis of the organization of the MtDnaBn rings in the crystal lattice, we propose a model of the mycobacterial DnaB-DnaG complex.
Results and Discussion
Structure of the hexameric ring of MtDnaBn Bacterial DnaB helicase consists of two domains: the moderately conserved, entirely helical DnaBn ( 24% identity) (Fig. 1B) and the highly conserved C-terminal ATPase domain ( 40% identity [19] ). The two domains are connected by a linker region (Fig. 1A) . In M. tuberculosis DnaB, MtDnaBn (residues 21-197, including the linker) forms a stable dimer in solution (Fig. 1C,D) . The region spanning residues 135-197 is required for dimer stability, because a truncated form of the protein (residues 21-134) is monomeric (Fig. 1C,D) . MtDnaBn forms a hexamer in the crystallization solution; the crystals of DnaBn contain one slightly asymmetric hexamer per asymmetric unit. Three two-fold symmetrical dimers of DnaBn are assembled into a hexamer that has approximate three-fold rotational symmetry ( Fig. 2A) . The two-fold and the three-fold symmetry axes are parallel to each other. The hexamer forms an opening in the shape of an equilateral triangle with a side length of 51 Å . Therefore, the ring can accommodate a cylinder with a maximum diameter of 34 Å , large enough for duplex and even triplex DNA. Indeed, DnaB is able to encircle and actively translocate on duplex DNA [20] . The triangular shape is roughly similar to one of the projections of electron microscopic structures of full-length E. coli DnaB hexamer [21] . Three monomers, one from each dimer, form the inner rim, and the other three monomers form the outer rim of the triangle. The backbones of all six monomers are generally very similar. There are subtle differences in the conformations of C-terminal helices a7 and a8 and in the hairpins connecting them (not shown). These differences indicate a small degree of conformational plasticity of the region closest to the mobile C-terminal domain of DnaB [14] .
The interface stabilizing each dimer is formed between the C-terminal helix-hairpin-helix (HhH) regions of DnaBn (residues 128-165) that protrude from the globular subdomains (residues 21-127) (Fig. 2B) . This explains our observation of the monomeric state of truncated DnaBn (residues 21-134). This interface is composed of conserved interdigitating hydrophobic residues (Figs 1B and 2B) that bury 2200 Å 2 of solvent-accessible surface area [22] . The C a atoms of two glycine residues, Gly136 and Gly143, contribute to this interface and allow the helices to pack snugly against each other. DnaBs of other bacteria contain either a Gly or an Ala at these two positions. Previously reported mutations in G. stearothermophilus [23] and Salmonella typhimurium [24] DnaB that cause a priming defect (Val133 and Val139 in MtDnaB) lie in this hydrophobic interface. These substitutions are likely to abolish DnaB-DnaG binding by disrupting the structure of DnaBn. The solvent-exposed residues of the HhH are generally not conserved. The entire HhH region is required for dimerization, because the slightly shorter DnaBn of E. coli (residues 1-161, homologous to residues 1-159 of MtDnaB [25] ) is monomeric. Indeed, residues Ile163 and Tyr164 of MtDnaBn, close to the end of the structured region, are located in the dimerization interface (Fig. 1B) . The linker (residues 167-197) is not found in the electron density, consistent with its conformational flexibility [14] . This flexibility accommodates large movements of the C-terminal catalytic domains relative to each other and to the N-terminal tier [14] .
The interface between the dimers is much less extensive (1020 Å 2 of buried surface area), which explains the lower stability of dimer-dimer interactions (Fig. 2C) . It is formed predominantly by a set of hydrophobic contacts between the two globular subdomains. In addition, this interface contains two salt bridges, Arg90-Glu125 and Asp89-Lys126, between the globular subdomain of an inner monomer and the HhH subdomain of an outer monomer. Mutations in this interface significantly reduce the helicase activity of the DnaB homolog G40P [12] . The residues in the dimer-dimer interface are generally, but not universally, conserved (Fig. 1B) .
The inner surface of the DnaBn ring contains three positively charged patches, each formed by Arg90, Arg91, Arg 95, and Arg96 (Fig. 3A) , that may bind the lagging DNA strand during replication. These arginines are conserved in mycobacteria, but not in other bacteria (Fig. 1B) . Bailey et al. [14] proposed that ssDNA binds inside the ring at a different site (Fig. 3C) , formed by side chains of Arg116, Arg117 and Arg120 of GsDnaB. Among these residues, only Arg116 is conserved (Fig. 1B) . The lagging DNA strand must be positioned inside the DnaB ring somewhat differently in different prokaryotes. Such differential positioning is likely to be related to concomitant differences in the DnaB-DnaG interface (see the next section). The surface residues of DnaB facing the center of the ring and the N-terminal side are dramatically different for MtDnaB and GsDnaB (Fig. 3A,C) . In contrast, the surface facing the ATPase domain is highly conserved and uniformly negatively charged (Fig. 3B,D) . This conservation must preserve the nature of interactions between the N-terminal and the C-terminal domains of DnaB in different bacteria. 
A model of the helicase-primase complex
DnaBn and its binding partner, DnaGc, are structurally similar [10, 14, 16, [26] [27] [28] [29] . Therefore, we considered the possibility that DnaBn from one hexamer would mimic binding of DnaGc to another hexamer of DnaBn in the crystal lattice. Indeed, in our crystal structure, three DnaBn monomers are bound to the N-terminal face of each hexameric ring (Fig. 4 ). This 6 : 3 DnaB-DnaG stoichiometry was observed in solution [13] . Binding of each MtDnaBn monomer (DnaGc mimic) to the hexameric ring buries 1900 Å of solventaccessible surface area. This interface is different from those observed in dimeric structures of the globular subdomain of E. coli DnaBn [27, 28] . The binding surface of the proposed DnaGc mimic involves the C-terminal helix (the DnaG counterpart of helix a8 in DnaBn). DnaG mutations in this helix were shown to be disruptive to the DnaB-DnaG complex [30] . Each DnaGc mimic is bound to the globular subdomains of inner and outer monomers across the dimer-dimer interface, thereby stabilizing the hexameric ring of DnaB. Such bidentate interaction is consistent with the role of DnaG in contributing to the stability of the hexamer of DnaB and stimulating its activity [5] . N-terminal truncations of the globular subdomain of DnaBn were reported to abolish helicase-primase interactions [12] , in agreement with our structural model. In the structure of the GsDnaB-GsDnaGc complex [14] , DnaGc also binds across the dimer-dimer interface of DnaBn and comparably buries 2500 Å of surface area. However, GsDnaGc is bound to a different surface of the GsDnaBn ring (Figs 4 and 1B) . In an elegant study, Chang & Marians [31] demonstrated that the E. coli DnaB mutations Glu32 fi Lys (Ala29 in M. tuberculosis and either a Glu or an Ala in other bacteria) and Tyr105 fi Ala (Tyr102 in M. tuberculosis; almost universally conserved) increase the Okazaki fragment size by destabilizing the DnaB-DnaG association. No effect was observed for the Glu32 fi Ala mutation. In a different system, GsDnaB mutation Tyr88 fi Ala (Tyr105 in E. coli) was disruptive to the DnaB-DnaG complex, whereas the Glu15 fi Ala (Glu32 in E. coli) mutation was not [23] . These mutagenesis studies are in excellent agreement with our model of the DnaBDnaG complex: both of these residues are located directly in the putative DnaB-DnaG interface (Figs 4 and 1B). Intriguingly, these two DnaB residues do not make direct contacts with DnaG in the GsDnaBGsDnaG structure [14] (see also Fig. 4 ).
The two distinct positions of DnaG on the DnaB ring need not be mutually exclusive. E. coli DnaG priming activity was demonstrated to be distributive because of the relatively weak association of DnaG with DnaB. More than one position of DnaG on DnaB during replication (e.g. in the idle and in the actively priming states) would be consistent with these observations. Alternatively, DnaGc may bind DnaBn somewhat differently in different bacteria. This possibility is strengthened by poor conservation of DnaGc [29] and the N-terminal face residues of the DnaBn ring (Fig. 3A,C) . Testing these structural and mechanistic proposals is a subject of future research in this laboratory.
Conclusions
In summary, we have obtained a high-resolution structure of the hexameric ring formed by the MtDnaBn. The stable dimers of DnaBn have a propensity for trimerization in the absence of DnaGc. The structure provides the highest-resolution view of the interactions essential for hexamer stability, and suggests a model for the DnaB-DnaG complex that is consistent with previous mutagenesis studies.
Experimental procedures
Cloning, protein expression, and purification
The DnaB constructs (locus tag Rv0058; residues 21-197 and residues 21-134) from Mycobacterium tuberculosis H37Rv were amplified by PCR from genomic DNA, and ligated between the NdeI and XhoI sites of the modified pET19b (EMD Biosciences, San Diego, CA, USA) with an N-terminal decahistidine tag separated from the gene by the Prescission protease (GE Healthcare, Piscataway, NJ, USA) cleavage site. The proteins were expressed in BL21(DE3) E. coli cells that were initially grown in LB supplemented with 100 lgAEmL )1 ampicillin at 37°C until the culture reached an attenuance (D) at 600 nm of 0.4-0.6. Then, the culture was induced with 0.5 mm isopropyl thio-b-d-galactoside at 19°C overnight. The cells were harvested by centrifugation at 5000 g for 10 min, resuspended, and lysed by sonication in lysis buffer (40 mm Tris, pH 8.0, 400 mm NaCl, 10% glycerol, 2 mm b-mercaptoethanol). The clarified lysate was passed through an IMAC (GE Healthcare) Ni 2+ column, following the manufacturer's instructions. The tag was cleaved with Prescission protease (GE Healthcare) overnight at 4°C. The protein was then concentrated using an Amicon Ultra-15 centrifugal filter unit (Millipore, Bellerica, MA, USA) and purified further on an S-200 size exclusion column (GE Healthcare) equilibrated in 40 mm Tris, pH 8.0, 200 mm NaCl, 2 mm b-mercaptoethanol and 0.1 mm EDTA. Fractions containing DnaBn were pooled, and concentrated to 10 mgAEmL )1 using an Amicon Ultra-15 centrifugal filter unit.
The concentrated protein was used for crystallization.
Protein crystallization, data collection, and structure determination and refinement
Initial high-throughput crystallization screening of MtDnaBn was performed at the Hauptman-Woodward Institute [32] . Single crystals of size 0.1 · 0.1 · 0.1 mm were grown in 4-6 weeks by microbatch crystallization in mineral oil at 21°C. The drops contained a mixture of 1 lL of the concentrated protein (see above) and 1 lL of crystallization solution. Crystallization solution consisted of 100 mm citrate sodium salt (we used a stock solution of 1 m citric acid adjusted to pH 4.0 with 1 m sodium citrate), 100 mm dibasic potassium phosphate, and 17.5% poly(ethylene glycol) 8000. The crystals were gradually transferred to crystallization solution with 16.5% glycerol, incubated overnight, and then flash frozen in liquid nitrogen. X-ray diffraction data were collected at 100 K at LS-CAT beamline (sector 21-ID) at the Advanced Photon Source at the Argonne National Laboratory. The diffraction data were processed using the hkl2000 suite [33] . The crystals were not merohedrally twinned [34] . The structure of MtDnaBn was determined by molecular replacement using program phaser [35] , with residues 5-112 of the monomeric DnaB from Thermus aquaticus [10] as a search model. The missing part of the structure was then built into the unambiguous F o -F c electron density. The structure of MtDnaBn was iteratively rebuilt and refined by using programs coot [36] and refmac [37] , respectively, to a final resolution of 2.0 Å . The data collection and refinement statistics are given in 
